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ABSTRACT

Continued occurrence of waterborne and shellfish-related illnesses
has led researchers to question the adequacy of currently used coliform
standards for water quality. Prevalence of illness attributed to
enteric viruses along with the resistance of viruses to common water
treatment practices, has led investigators to propose coliphages as
potential indicators of the viral quality of water. Male -specific RNA
(FRNA) coliphages are particularly appealing as indicators because they
closely resemble the hepatitis A and Norwalk viruses in their
resistance to chlorination, morphological structure and inability to
replicate in water systems.
This study was designed to evaluate the feasibility of using FRNA
coliphages as a viral indicator of water quality. The assay procedure
chosen assumed that FRNA phages act as simulants for hepatitis A,
Norwalk and gastrointestinal viruses and that use of a specifically
constructed host can prevent interference from non-FRNA phages. If it
could be shown that the incidence of viral illnesses correlated with
the occurrence of FRNA phages then this system of phage assay could be
used as an adjunct to the existing standards to monitor for potential
viral pathogens in the water. Samples of water and sediment were taken
from an estuarine feeder stream which receives treated sewage effluent
and assayed for FRNA coliphages. Coliphages recovered from the samples
were tested on male and female bacterial host strains and for RNase
sensitivity to determine their type and evaluate the selectivity of the
host strain.

FRNA phages were recovered from the stream on all sampling
occasions. Numbers were highest near the sewage treatment plant (STP)
and decreased with distance from the source. No phages were recovered
at a control station upstream of the STP. Phage numbers showed a
significant negative correlation with salinity and distance from the
STP. A significant positive correlation was also found for fecal
coliform bacteria.
Although phages were recovered on all sampling occasions, use of
this specific viral indicator cannot be recommended as a routine
procedure on practical grounds. The assay procedure was designed to
recover only FRNA phages, but results of this study did not show this
to be the case. The percentage of FRNA phage differed dramatically
between stations and necessitated either subculturing or using RNase in
the medium to ensure phages were FRNA. At present, either of these
methods of verification are too expensive to use on a regular basis.

ix
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INTRODUCTION

Historical Background.

Approved standards for water quality employ

total and fecal coliform bacteria as indicators of the sanitary quality
of shellfish growing waters (NSSP, 1986).

Although the use of these

standards has significantly reduced the incidence of shellfish-borne
disease due to pathogenic bacteria, there is concern that they are not
effective in predicting the occurrence of harmful enteric viruses,
hence health risk, that might be present (Gerba et a l ., 1975; Cabelli
et a l ., 1983; Richards, 1985).
Use of coliform bacteria as an indicator of sanitary quality of
estuarine water followed a series of discoveries in the late 19th and
early 20th

centuries.

In 1855, it was shown that cholera was spread

via drinking water contaminated by feces and shortly thereafter typhoid
fever was also shown to be transported by water (Kehr et a l ., 1941;
Olivieri, 1982).

By the 1880's, Escherich had identified the Bacillus

coli group of bacteria, which normally inhabit the intestinal tract of
warm-blooded animals, as being indicative of fecal pollution (Kehr et
al., 1941; Wolf, 1972; Mack, 1977; Geldreich, 1978).

The difficulty of

isolating specific pathogens that cause cholera and typhoid fever led
investigators to consider the use of the Bacillus coli (later
Escherichia coli) group as an indicator of fecal pollution in a water
sample.

Bacteria belonging to the coliform group of bacteria are

ubiquitous in human feces (Kott, 1977; Leclerc et a l ., 1977; Geldreich,
1978).

Their presence in a water sample was taken to indicate the

potential presence of enteric pathogens (Kehr et al., 1941; Bernarde,
1982) such as Salmonella spp. (Cabelli et al., 1983).
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The value of this type water quality indicator lies in its ability
to predict the occurrence of an enteric pathogen.

Bonde (1977) and

Olivieri (1982) have summarized the characteristics of an ideal
indicator, stating it must: (a) be present when the pathogen is present
and absent when the pathogen is absent, (b) be present in greater
numbers than the pathogen it indicates, (c) react to physical, chemical
and biological conditions in the same manner as the pathogen and (d)
lend itself to easy and rapid isolation, identification and
enumeration.
Coliform bacteria met these criteria according to the U.S. Public
Health Service because in 1914 that agency began using these bacteria
as an indicator of fecal pollution in drinking water (Wolf, 1972;
Gerba, 1987).

Outbreaks of disease attributed to shellfish consumption

between 1914 and 1925 prompted the establishment of the National
Shellfish Certification Program.

This program recommended a standard

such that shellfish harvesting would not be allowed from waters if more
than 50% of tubes were positive for coliforms using a 1 ml water sample
(Kehr et al., 1941; NSSP Manual- Part 1, 1986).

This standard was

adopted in spite of the lack epidemiological investigations on
bacterial densities and health risk (Wolf, 1972; Metcalf; 1978; Cabelli
et al ., 1983).

Shellfish-associated typhoid outbreaks in 1925 and 1941

caused the Health Service to strengthen the standard further, but on
the basis of a 1941 Supreme Court case it was decided that the coliform
standard then in use would not detect typhoid fever in a hospital
drinking water supply (Kehr et a l ., 1941; Wolf, 1972).

This decision

prompted the use of the fecal coliform group, considered more specific
for fecal pollution by warm blooded animals, as a companion to the
total coliform group.

The fecal coliforms include the genera
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Escherichia and Klebsiella. while the total coliforms include
Enterobacter. Citrobacter. Escherichia and Klebsiella (Dufour, 1977).
Although the fecal coliform group has proven a more specific indicator
of fecal pollution (Olivieri, 1982; Cabelli et a l ., 1983), it has not
been effective in predicting the presence of viruses (LaBelle et al.,
1980; Goyal, 1984; Richards, 1985).
Deficiencies of Current Indicators.

Use of either the total or

fecal coliform group as an indicator of fecal pollution of estuarine
water exhibits some important deficiencies.

The rate of natural

inactivation of coliforms differs greatly from non-bacterial pathogens,
particularly the enteric viruses (Kott et a l ., 1974; Olivieri, 1982).
Rhodes and Kator (1988) observed earlier reduction of E. coli than
Salmonella species at low temperatures in filtered estuarine water and
aftergrowth was observed at higher temperatures for both types of
bacteria.

The rationale behind the coliform standard assumes that

there is a level of coliforms below which public health risk is
minimized (Kehr et a l ., 1941; NSSP Manual-Part 1, 1986).

This

assumption cannot be extended to include pathogenic viruses, whose
infective dose is as low as one virus infectious unit (Gerba et a l .,
1975) .

Enteroviruses are known to persist for at least 17 months in

the sediment (Goyal et a l ., 1984) and 6 weeks in shellfish (Goyal et
a l ., 1978).

They have been isolated from shellfish taken from approved

harvesting waters that met current bacteriological standards (Goyal et
a l ., 1979) and are known to be concentrated by the filter-feeding
activity of shellfish (Vaughn and Metcalf, 1975; Grabow et a l ., 1989).
Viruses are considerably more resistant to chlorination than bacteria
(Scarpino et al., 1972; Kott et al., 1974) and have been found in
drinking water that passed bacteriological testing (Bernarde, 1982;
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Borrego et al., 1983; Grabow et al., 1989); even total absence of fecal
coliforms can not guarantee that water is free of human enteric viruses
(Berg, 1978; Grabow et a l ., 1989).

The level of virus excretion by a

population varies according to season, geography, socio-economic
conditions and hygiene (Gerba et al., 1975).

This contrasts sharply

with the relatively stable levels of coliform bacteria excreted (Berg,
1978) .

It is worth noting that the incidence of typhoid fever

decreased sharply in the United States following implementation of
coliform standards, but the occurrence of hepatitis A virus remains
largely unchanged (Benarde, 1982; Richards, 1985).
Researchers who have investigated the relationship between viruses
and coliform bacteria have failed to demonstrate a relationship between
coliform densities and the occurrence of viruses in a given locality
(Goyal et a l ., 1979; Goyal et a l ., 1984).

LaBelle et a l . (1980)

measured 12 environmental variables that might affect the presence of
viruses in the sediment and found no factor in the overlying water that
could predict the occurrence or absence of virus.

Use of a viral

indicator of water quality should be considered as a method of
alleviating these shortcomings (Kott et a l ., 1974; Gerba et a l ., 1975),
as no fully adequate indicator system for viruses in water currently
exists (Berg, 1978) .
Rationale for a Viral Indicator.

It has been shown that viruses

are more persistent in the environment and more resistant to
chlorination than are the coliform bacteria (Scarpino et a l ., 1972;
Stagg et al., 1977; Gerba, 1987; Cabelli, unpublished data).

Goyal

(1984) found a higher incidence of infectious hepatitis among residents
of coastal states as compared with those living inland.

Shellfish-

associated outbreaks of hepatitis A virus, Norwalk virus and other
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unidentified gastrointestinal viruses have increased since the 1960's,
while illness associated with bacteria has declined (Richards, 1985).
These trends, along with the difficulties of assaying for specific
viruses, have led some investigators to call for the use of an
indicator which closely mimics pathogenic viruses for monitoring viral
presence in receiving waters (Primrose et al., 1982; Havelaar et a l .,
1984).
Viruses pathogenic to humans are not assayed directly because of
difficulties involved in their isolation.

Tissue cultures require

highly qualified technicians, a well equipped laboratory, about one
week of processing time (Kott, 1981) and cost about $500-600 per sample
to process (Sobsey, 1990-personal communication).

In addition, current

immunosorbent (Grabow et a l ., 1989) and gene probe (Metcalf and Jiang,
1988) assays used for hepatitis A virus are unable to distinguish
between viable and non-viable viruses.
Viruses considered as possible indicators are members of the
bacteriophage group specific for E. coli as their host.

These

coliphages are preferred because their specificity for E. coli should
limit their distribution to areas that have received fecal or sewage
input (Kott et a l ., 1974; Havelaar and Hogeboom, 1983; Gerba, 1987).
Enumeration procedures for coliphages can be performed easily and
quickly, yielding results in less than 24 hours (Kott, 1977; Kott,
1981).
Coliphages are indigenous to the gastrointestinal tract and feces
of many warm-blooded birds and animals (Gerba, 1987; Furuse; 1987), but
certain groups of coliphages, the male-specific RNA phages, appear to
be restricted to a relatively narrow range of warm-blooded hosts (Osawa
et al., 1981; Havelaar et al., 1986; Furuse, 1987).

Serological
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specificity is such that the ratio of one phage group to another within
a single host species may change according to geographic location
(Furuse et a l ., 1981; Furuse, 1987).

It appears that if the

appropriate group of coliphages are selected as an indicator it may

be

possible to establish the source of fecal pollution as well as the
relative potential health risk present.
Requirements for a viral indicator.

Viral indicators are subject

to the same requirements of temporal and spatial occurrence, numerical
correlation, physiochemical resistance and ease of enumeration as those
described for the coliform bacteria.

The diversity of coliphage types

(Ackerman and Nguyen, 1983) complicates their use as a group for a
viral indicator, as their resistance to physical and chemical
parameters, such as temperature and chlorination, can vary
significantly (Kott et al., 1974; Scarpino, 1975; Primrose et a l .,
1982; Borrego and Romero, 1985).

It is therefore preferable that an

indicator system use a host bacterial strain specific for a narrow
range of coliphages and that the coliphages react to physiochemical
conditions in a similar manner to pathogenic viruses.
The number of coliphages recovered from a sample depends largely
upon the host bacterial strain used (Havelaar and Hogeboom, 1983).
Host strains vary both in their efficiency of coliphage recovery and
range of coliphages to which they are susceptible.

Vaughn and Metcalf

(1975) studied recovery of coliphages from estuarine water samples
using three strains of E. coli and found that the number of phages
recovered was up to six times higher on one strain than on another.
There was also a significant fluctuation in recovery efficiency of the
three strains from year to year, presumably due to fluctuations in
natural abundances of coliphage populations to which each strain was
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susceptible.

Likewise, the recovery efficiency of E. coli strains B,

K12 and K12 Hfr for coliphage f2 varied by nearly three orders of
magnitude in seeded oxidation ponds (Kott et a l ., 1974).
Ackermann and Nguyen (1983) used electron microscopy to describe
the morphological types of coliphages lysing 35 different strains of E.
coli in sewage samples.

Up to ten different morphological types of

coliphage were described from one sewage sediment and results showed
most E. coli strains had a larger than expected host range.

The

current state of coliphage research is such that host ranges of E. coli
strains C, B or K-12 are not known (Havelaar and Hogeboom, 1983).
In situ proliferation of coliphages presents obvious limitations to
use of a coliphage indicator (Berg, 1978).

Despite the desirability of

a sewage indicator incapable of environmental replication (Kott, 1977),
coliphage T4 exhibits rapid replication in 18° C polluted estuarine
water after host cells are added (Vaughn and Metcalf, 1975).
Initially, researchers thought replication of F phages was not
possible at temperatures below 30° C, because F pili cannot be formed
at lower temperatures (Primrose et al., 1982; Havelaar et a l ., 1986;
Havelaar and Pot-Hogeboom, 1989).

FRNA phage reproduction at ambient

environmental temperatures has been suggested to explain their elevated
densities in sewage, but low densities and infrequent occurrence in
feces (Havelaar et a l ., 1986; Havelaar and Pot-Hogeboom, 1989).
Replication of F specific phages at temperatures that will not support
pili formation is explained by phage adsorption to pili preformed by
cells above 30° C and subsequent replication of phage at environmental
temperatures (Havelaar and Pot-Hogeboom, 1989).
Interference by phages other than those for which the assay system
is designed can produce misleading results or make the system unusable

on a practical basis.

Havelaar and Hogeboom's (1984) system utilizes

Salmonella tvohimurium (WG49) constructed to detect F specific E. coli
phages, but to prevent infection by somatic coliphages by use of a non
E. coli host strain.

Assuming somatic salmonella phages are

sufficiently rare in the environment, interference will not be a
problem (Havelaar and Hogeboom, 1984; Havelaar et al., 1984).
Selection of a coliphage assay system requires careful
consideration of specificity, efficiency, in situ proliferation and
interference issues both in the system design and in its subsequent
application.

These requirements along with the basic criteria for

indicator systems must be met for the phage assay system to perform as
a valid indicator.
Description of Viral Candidates.

Bacteriophages are assigned to

groups based upon several types of criteria: (1) the method used to
infect the host, (2) the type of nucleic acid they possess and (3)
their morphological characteristics (Ackermann and Nguyen, 1983;
Havelaar et a l ., 1984).

Phages may attach to their host at the cell

wall, on the polysaccharide capsule or to an appendage of the host
bacterium (Furuse, 1987).

These types of phages are termed somatic,

capsule and appendage phages, respectively.

Phages may also be

classified as RNA or DNA phages according to their nucleic acid types
and subdivided according to the number of nucleic acid strands.
Morphological characteristics are used to further subdivide these
groups (Ackermann and Nguyen, 1983; Havelaar et al., 1984; Coetzee,
1987).

Coliphages showing potential as indicators include the F pilus

appendage phages specific for E. coli (Havelaar and Hogeboom, 1983,
1984).

These may be either DNA or RNA types.
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A review of the literature reveals a number of discrepancies
regarding enumeration and distribution of different coliphage types.
Researchers have employed various bacterial host-strains, cultivation
and concentration techniques and media to the extent that their results
are often difficult to compare (Havelaar and Nieuwstad, 1985).
Havelaar and Hogeboom (1984) have attempted to resolve this difficulty
by construction of a more specific host-strain and standardization of
culture methodology.

The host-strain was obtained by the mating of F

specific E. coli WG27 with S. tvphimurium WG45, so that the resulting
salmonella strain WG49 (Havelaar and Hogeboom, 1984) retained the F +
or sex-pilus characteristic of male EL. coli.

The WG49 strain should be

susceptible to E. coli F specific appendage phages and for somatic
Salmonella phages, while excluding somatic E. coli phages.
The F specific RNA (FRNA) phages are a more homogeneous group than
the somatic or capsule phages since, by definition, the group is
restricted to those phages able to infect the host bacteria by
attaching to the F sex pili (Furuse, 1987).

Somatic or capsule phages

can attach at any point along the cell wall or polysaccharide capsule
of a host and so have a much broader range of receptor sites (Havelaar
and Nieuwstad, 1985).

The FRNA phages comprise a subgroup among the

appendage phages based upon the type of pili to which they can attach.
Pili can be divided into two broad groups: (a) the common pili
found on many enterobacteria and (b) the sex pili used in bacterial
conjugation (Lawn et a l ., 1967).

The F pili belong to the latter

classification, as do those determined by the I plasmids (Lawn et al .,
1967; Coetzee et a l ., 1982).

FRNA phages can attach only to the sex

pili determined by the F plasmid and so form a specific subgroup of
appendage phages (Furuse, 1987)
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The F specific RNA phages were suggested as potential indicators
because their size and physical structure more closely resemble
enteroviruses (Ayres, 1977; Gersberg et a l ., 1987) than do the
filamentous single-stranded DNA F phages or other coliphages (Snowden
and Cliver, 1989).

The simple cubic capsule of FRNA phages measures

24-27 nm (Havelaar et a l ., 1984), which closely approximates the 27 nm
diameter of the hepatitis A and Norwalk viruses (Richards, 1985).

The

single stranded RNA bacteriophages are a more homogeneous group than
the somatic phages of E. coli (Havelaar and Hogeboom, 1984) and may
surpass enteric viruses (Ayres, 1977; Havelaar, 1987), poliovirus and
other phages (Kott et a l ., 1974) in terms of resistance to
chlorination.

FRNA phages also have greater resistance to UV radiation

than either E. coli or faecal streptococci (Havelaar, 1987).
Objectives.

S_;_ tvphimurium WG49 (Havelaar and Hogeboom, 1984) was

chosen from a number of test strains in part because it consistently
gave low counts of somatic phages in the evaluation of domestic sewage
samples (Havelaar et a l ., 1984).

Salmonella spp. and their phages

typically have a low occurrence in sewage samples. Havelaar and
3
Hogeboom (1984) found 10 plaque-forming units (pfu)/ml of FRNA
coliphages in samples that contained less than 10 pfu/ml somatic
Salmonella phages.
Previous research on FRNA phages has focused primarily on their
occurrence in sewage, wastewater and feces (Furuse et a l ., 1981;
Havelaar and Hogeboom, 1983, 1984; Havelaar et a l ., 1984, 1986;
Havelaar and Nieuwstad, 1985; Havelaar, 1987).

Some authors have

reported on the distribution of coliphages (Wentsel et a l ., 1982;
Borrego and Romero, 1985; Nuttall and Parry, 1987) or enteric viruses
(Goyal et al., 1978; LaBelle et al., 1980) in natural water systems,
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but published material on FRNA phages in the environment is very
scarce.
The primary objective of this research was to test the hypothesis
that the occurrence of F specific RNA (FRNA) bacteriophage in an
estuarine watercourse is related to the discharge of a sewage treatment
plant (STP) into that tributary.

Water and sediment samples along a

transect of the affected watershed downstream of the STP were collected
and plated to determine the number of FRNA phages.

Statistical

analysis of the data was performed to evaluate the relationship between
STP discharge and the seasonal and spatial occurrence of FRNA phages in
the watercourse.
Initially, it was necessary to establish whether sufficient numbers
of FRNA phage were present in the selected sampling locations to permit
their detection since there was no published data on their numbers in
estuarine waters.
Sampling stations were chosen along the watershed so that a twice
monthly sampling regime could give insight into the seasonal and
spatial distribution of FRNA phage relative to the sewage treatment
plant outfall.

Measurements of temperature, salinity, dissolved oxygen

and turbidity also were taken so that the contributions of these
environmental factors could be established.
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MATERIALS AND METHODS

Study area and sampling considerations.

Fox Mill Run is a tidal

stream that flows km into the Ware River, a subestuary to the
southwestern Chesapeake Bay (Fig. 1).

The stream is generally less

than 4 m wide and 1 m deep and drains extensive tidal marshland (2.1
2
km ) along its lower reaches (Rhodes and Kator, 1983).

A chlorinated

secondary sewage treatment plant (STP), rated for 7.5 x 10^ 1/day, is
located 4.3 1cm upstream, immediately above the marshland. Fox Mill Run
received an average of 7.5 x 10^ 1/day secondary sewage effluent with
flows as high as 1.6 x 10

1/day during the course of this study.

Salinities in the stream ranged from a high of 13 psu (practical
salinity units) at the mouth to less than 1 psu at upstream stations.
Sampling locations (Fig. 2) were selected to evaluate the
contribution of the sewage treatment plant (STP) to the densities and
distribution of FRNA phages in the watercourse.

The Fox Mill Run STP

site, located in Gloucester County, Virginia, was chosen because
discharge of the STP is heavy relative to the streamflow, thereby
maximizing chances of detecting phages in the stream.

A reference

station was located just upstream of the STP and another at the point
where the STP discharges into Fox Mill Run.

These stations were

included to establish a baseline of FRNA phage upstream of the STP and
from the STP.

Sampling was timed to coincide with mean low water to

maximize the contribution of the STP.

Additional stations were located

downstream at intervals of about 0.7 km down to the confluence of Fox
Mill Run and the Ware River.
Sampling Procedure.

Sampling times were scheduled so that mean low

water would coincide with early morning on a Monday or a Tuesday.

This
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routine generally allowed for processing of samples within normal
working hours.

Mean low water was selected in preference to slack

before flood because of the difficulty of determining the time of slack
before flood on the stream.
Upstream samples were taken on foot, and a jonboat with a small
outboard motor was used to collect the rest of the samples.

Water

samples were collected using one liter Wheaton bottles at shallow
upstream sites where bottles were immersed immediately beneath the
surface or by grab sampling at mid-depth and midstream where stream
depth and size allowed.

A depth of 1 m was was used at the downstream

station where water depth was greater than 2 m.

Measurements of

dissolved oxygen and temperature were taken using a YSI Model 57 oxygen
meter.

Sediment cores were collected with a 5 cm (i.d.) acrylic corer.

Upon retrieving the corer with its sample of sediment, a plunger was
inserted in the rear of the pipe, a 3 cm section of sediment extruded
and collected into a sterile Whirlpac (Nasco, Fort Atkinson, Wisconsin)
bag.

This process captured the upper 3 cm of sediment for enumeration

of phages.

Samples were placed in a cooler filled with creek water to

keep them at ambient temperature and shielded from sunlight.

Within

two hours samples were transported back to the lab, where processing
was immediately begun.

FRNA coliphage assay- general considerations.

Prior to taking

samples it was necessary to obtain an actively growing culture of host
bacteria to insure a uniform host lawn after pouring the plates.

Since

the bacterial strain used to detect the FRNA bacteriophage is a hybrid
strain, there is a possibility of reversion and loss of the F pilus
(Havelaar, personal communication) after a number of generations.

In
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order to decrease the likelihood of this occurrence, each strain was
cultured to logarithmic growth phase on the day preceeding sampling.
Inoculants were taken from cultures previously frozen with one
milliliter (1 ml) glycerol per 4 ml active culture.

These frozen

cultures were derived from WG49 cultures that gave the best performance
plaquing MS2, an FRNA phage (ATCC 15597-B1, supplied by Mark Sobsey,
University of North Carolina, Chapel Hill), and WG45 cultures showing
the best growth.

Resuscitation, plaque susceptibility assays and

refreezing in glycerol were performed every other month to ensure
continued viability of the strain and maintenance of the plasmid for
pili production.
One milliliter of Salmonella tvphimurium WG45 or WG49 was
inoculated into 100 ml of Tryptone-yeast extract-glucose (TYG) broth
(Havelaar and Hogeboom, 1984).

For assays using WG45, membrane

sterilized solutions of kanamycin monosulfate were added to yield final
concentrations of 100 mg/1. Cultures were grown to an optical density
of 0.55 at 540 nm and refrigerated until use the following day.

Petri

dishes were labeled according to station locations and the decimal
dilutions to be used.

On the morning of a sampling, the stock and

bacterial cultures were removed from the refrigerator and allowed to
come up to room temperature while the sampling was taking place.
was autoclaved and placed in a 47° C
Fecal coliform determination.

Agar

waterbath to cool.

Tubes containing lactose medium were

inoculated with decimal dilutions of water or sediment according to
standard most-probable number (MPN) procedure (APHA, 1988) .

Lactose

tubes were incubated 4 8 + 3 hours at 3 5 + 0 . 5 ° C before transfer of
positive tubes to EC medium (APHA, 1988) for 2 4 + 2 hours at 44.5 + 0.2
° C for calculation of a fecal coliform MPN.

15
Assay for FRNA coliphages in water samples.

Samples of water were

added to molten TYG agar at 47° C (Fig. 3) containing calcium, glucose,
nalidixic acid and, for WG49, kanamycin, at 1 ml of stock solution per
100 ml single strength agar.

The addition of 1 ml of stock solution

per 100 ml resulted in a final concentration in the basal medium of 0.1
g/ 100 ml glucose, 0.03 g/ 100 ml CaC^,

2.0 mg/ 100 ml kanamycin

monosulfate and 10 mg/ 100 ml naladixic acid (modified after Havelaar
and Hogeboom, 1984).
double-strength agar.

One hundred ml samples were processed by using
Agar concentrations were adjusted to yield a 0.7

% final concentration for all sample volumes.

The host strain in

logarithmic growth phase was added at a rate of 2.5 ml per 100 ml of
agar and was doubled in the 2x agar.
One hundred ml, 10 ml and 1 ml samples were processed in separate
groups for each host treatment to avoid confusion.

Host bacteria were

added, followed by the actual sample, and swirled gently to prevent
bubbles.

This mixture was then poured into the required number of

prelabeled petri dishes and allowed to set before being inverted and
placed in an incubator overnight at 35° C.

Sediment samples were

refrigerated for processing the next day due to time constraints.
Counts of waterborne phages were initially done on 100, 10 and 1 ml
samples for each station, but as the study progressed it became
apparent that the 100 ml sample size could be eliminated and replaced
with 0.1 ml or even 0.01 ml samples at the upstream stations.

As a

general guide, it was found that at least one sample size smaller and
one larger than the mean countable sample should be included in the
assay regime to account for variability in phage numbers.
Assay for FRNA coliphages in the sediment.

Samples of the top 3 cm

of sediment were mixed thoroughly before removing a 20 g aliquot for
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fecal coliform enumeration and two 10 g samples for dry weight and
phage determination.

The 20 g sample was homogenized with 180 ml of

phosphate buffer for 1.5 to 2 min and inoculated into lactose broth for
determination of fecal coliforms using the MPN method (APHA, 1985).
One 10 g sample was weighed, dried overnight in a drying oven and
reweighed to determine the dry weight count according to the formula
(W.W.-P.W.)/(D.W.-P.W.) x count/g wet weight- count/g dry sediment,
where W.W. is wet weight, D.W. is dry weight and P.W. is pan weight.
Phage were eluted from the sediment using 30 ml of 3% beef extract (pH9.5) and shaken at 200 rpm for 15 min in 150 ml glass flasks.

The

supernatant was dispensed into 50 ml polysulfone centrifuge tubes and
the residual sediment removed using a sterile wooden applicator and
added to the eluant.
of beef extract.

Centrifuge tubes were balanced with the addition

The centrifuge chamber was preset to 4°C to allow the

chamber to cool prior to centrifuging.

This was done to minimize

contact time in the elevated pH beef extract solution.

The tubes were

balanced and centrifuged at 5000 x G (8000 rpm with a SS-34 rotor on a
Sorvall RC-5B Refrigerated Superspeed Centrifuge, DuPont Corporation,
Wilmington, Delaware) for 15 min.

After centrifuging the supernatants

were decanted into plastic specimen cups, equilibrated to room
temperature in a water bath, and the pH adjusted to 7.0 to 7.2.

The

resulting 30-35 ml of supernatant was mixed with an equal volume of 2x
agar containing stock solutions and bacterial host prepared as
discussed.

This was poured into prelabeled plates and allowed to set

prior to overnight incubation at 35° C.
Enumeration and phage type verification.

Plaques were counted

under oblique light using a Tensor desk lamp and a black background.
The source of light and the background were critical as a large number
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of plaques were indistinct.

Plates were marked differentially

according to plaque morphology at the point where a plaque formed.

The

most distinct plaques were marked with a red dot and the more diffuse
ones with blue.

This differential marking was used as a means of

identifying which plaques would be picked for subculturing.

Totals for

each type plaque were obtained and the ratio of red/blue plaques
calculated.

This ratio was used to determine the number of each type

plaque transferred for subculturing.

A representative number of

plaques, usually between six and twelve, were chosen from each sample
and sample volume for subculturing.

Final counts were based upon the

percentage of viable plaques obtained after subculturing a
representative number of each type plaque.
Plaques were transferred individually using sterile toothpicks to a
series of plates to determine plaque formation on plates prepared with
WG45, WG49 and WG49 with RNase.

Plaques were counted on all three

plate types after overnight incubation.

Relative number of somatic

Salmonella and FDNA coliphages present in a sample were determined by
parallel plating on S. tvphimurium host strain WG49 in the presence of
RNase.

Without RNase in the plating medium, S.. tvphimurium WG49 will

be susceptible to somatic Salmonella phages, DNA F specific phages and
RNA F specific phages (Furuse, 1987).

Subtracting the number of

plaques observed on S. tvphimurium WG49 with RNase will give the number
of RNA F specific phages. S. tvphimurium WG45, the female host strain
for WG49 (Havelaar and Hogeboom, 1984), was used on the first eight
sample dates to enumerate somatic Salmonella phages (Fig. 3).
Comparison of counts on WG45, WG49 and WG49 with RNase (WG49R) allows
calculation of counts for somatic Salmonella phages (WG45 only), total
F specific and somatic phages (WG49) and FRNA phages (WG49- WG49R).
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Performing these calculations permitted an evaluation of the
specificity of the host strain (Havelaar and Hogeboom, 1984).

M S 2, an

FRNA phage, was used to confirm the ability of the WG49 strain to
detect FRNA phages.
Phage densities were determined by using the sample size for each
station that gave a count of between 20 and 200 phage for a preliminary
count, then multiplying that number by the percentage of phage
confirming under each set of conditions.

Counts taken on 100 and 10 ml

plates were simple counts, while those taken from 1 ml and smaller
samples were the geometric mean of values from three replicate plates.
Determination of turbidity and salinity.

Turbidity was measured

using a Cole Parmer Model 8391-35 Turbidimeter (Chicago. Illinois). The
meter was turned on and allowed to warm up for 20 minutes before
calibration with
encountered.

a standard appropriate to the range of turbidity

All samples were allowed to warm to room temperature

prior to taking turbidity readings.
Salinity measurements were taken using a Beckman Model RS-10
Industrial Induction Salinometer (Emerson Electric Co., Cedar Grove,
N.J.) tied into a MS-DOS computer program operating on a Data General
Model 2 computer (Data General, Southboro, Mass.).

Calibration of the

salinometer was performed before each set of salinity readings.

If a

calibration of the standard had been performed within the previous
week, only a sub-standard was used for the calibration.

If no

calibration of the standard had been done in the past week, both a
standard and a sub-standard were used.

Standards were used to ensure

that conductivity of the salinometer matched that of the standard at a
given temperature and to verify that the salinometer was performing
correctly. Replicates were determined on each sample.

All samples were
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also brought up to room temperature to minimize fluctuations and
decrease the need to continually reset the temperature dials. Readouts
of salinity, conductivity and temperature were provided by the MS-DOS
computer program linked to the salinometer.
Computation of stream volume.

Area of the watershed was computed

from aerial photographs taken at 1000 feet.

These photos were

calibrated for scale by comparing the length of a section of highway
near the center of the prints with ground measurements.
used as a reference in measuring stream width.

This scale was

Distance along the

stream channel was measured on a topographic chart using a digitizer
(Numonics Corporation electronics graphic calculator, Montgomeryville,
PA) calibrated according to the scale on the chart.

One half of the

mean tidal height on a given sampling date was added to depth
measurements taken during bottom sampling to give an estimate of
average stream depth.

These estimates of length, width and depth were

then used to calculate a rough estimate of the stream volume.
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RESULTS

Assay and interference by other phages.

The chosen assay strain,

S.. tvphimurium WG49, was susceptible to FRNA phages, FDNA phages and
somatic salmonella phages.

Replicate plating was used to differentiate

between these phage types.

On the first eight sample dates, a

representative number of phages from each sample were subcultured on
WG49, WG49 with RNase and WG45, allowing the calculation of FRNA, FDNA
and somatic salmonella titers.

WG45 was not used for the last three

sampling dates so these data dates discriminated only between FRNA and
non-FRNA phages.
FRNA phage - % composition.

Figure 4 illustrates FRNA phage count

as a percentage of total phage count at each station.

The percentage

of total waterborne FRNA phage varies from a maximum of 99.1% just
below the sewage treatment plant to a minimum of 3.4% at the station
farthest downstream (Fig. 4). Phages recovered at the control station
upstream of the STP were not of the FRNA type.

Composition of phages

in the sediment ranged from 99.6% to 0% FRNA phages and paralleled the
decrease in percentage of FRNA phage with distance from the STP
observed in the water (Fig. 5).

These percentages were derived from a

total of over 1000 individual subcultured phages recovered over the
course of the study.
Distribution and densities of FRNA bacteriophages.

Samples from

the control station, # 7, located less than one kilometer upstream of
STP (Figure 2), did not yield FRNA phages. Stations 6,5 and 4, located
within the first 3 km downstream from the STP, generally produced the
largest numbers of FRNA phages (Table 1).

Station number 3 represented
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a transition zone for the types of phages contributing to total phage
titer (Fig. 4).
Small numbers of samples collected on each sample date suggested
that a test for approximation of population normality would be
desirable.

Therefore, a Kruskal-Wallis non-parametric test for

intergroup differences was performed on all independently measured
parameters.

Median values of FRNA phage, salinity and fecal coliform

densities fell within + 1 standard deviation of the normal curve while
dissolved oxygen, temperature and turbidity had one or more values
beyond one standard deviation from the normal curve (Table 2).
Salinity.

Station 3 represented a transition for salinity as well

as for the predominant phage type.

Upstream of this station salinities

were < 1 psu, in contrast to downstream salinities as high as 13 psu at
mean low water.

FRNA phage densities were negatively correlated

(P<0.05, n=4 or 6) with salinity on 10 of 11 sampling dates and for the
data set as a whole (n=56; Table 3).

Significant correlations were

obtained for FRNA phages and salinity on ten of the eleven sample
dates.

An r-square value of 69% (Table 4) was obtained for the entire

data set.
STP distance.

Phage counts were negatively correlated (P<0.05, n=4

or 6) with distance from the sewage treatment plant (STP) on 6 of 11
sample dates and for the total data set (n=56).

There was a

significant negative correlation (P<0.05, n=56) of FRNA phages and STP
distance with a correlation coefficient of 0.834.

A significant linear

fit of phage count data was obtained for 5 sample dates, as well as for
the whole data set (Fig. 6, r-square value of 69.6%).
Fecal coliforms.

Densities of fecal coliforms and FRNA phages were

positively correlated for the whole data set (n= 56). Significant
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correlations were obtained on 6 of 11 sample dates (PC.05, n= 4 or 6),
one of these was negative and the remainder positive.

Linear

regression analysis of these data gave significant fits on 5 sampling
dates and for the entire data set (Fig. 7), but the r-square value for
the latter was less than half those of salinity and STP distance.
Dissolved oxygen, temperature and turbidity.

These factors were

not significantly related to FRNA phage counts in the water by linear
regression or correlation analysis.

The probability of chance

accounting for the best predicted fit of FRNA phage and each of these
factors over the whole data set was greater than 10%.

Occurrence of FRNA phages in sediment.

Correlation and regression

analyses of sediment FRNA phage were significant at PC0.05, n— 12 for
both salinity (n=56) and STP distance (n=56).

Both parameters had r-

square values of > 64% for the whole data set

(Table 6).

Densities of

fecal coliforms and FRNA phages were significantly and positively
correlated for the whole data set at PC0.05 (Table 5).

Correlation

analysis gave a significant r value of 0.509 for densities of fecal
coliforms and FRNA phages.

Densities of phage in the sediment also

correlated significantly (P<0.05, n=12) and positively with turbidity.
Using the total of 12 sediment samples, the correlation coefficient for
phage and turbidity was 0.692, a higher value than that for phage and
fecal coliforms in the sediment.

The regression between turbidity and

phage accounted for 47.9% of the variance in phage numbers.

Neither

dissolved oxygen or temperature showed any significant correlation with
FRNA phage in the sediment.
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Figure 1

Location of Fox Mill Run with inserts
showing Fox Mill Run location in the
Cheaspeake Bay
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Figure 2

Location of stations and sewage treatment
plant (STP) in Fox Mill Run
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Figure 3

Enumeration methodology showing
use of replicate plating for
confirmation of phage types
and FRNA phage count
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Figure 4

Comparison of total number of phages
plaquing WG49, total FRNA phages and total
somatic and FDNA phages at each station
in Fox Mill Run water
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Figure 5

Comparison of total number of phages
plaquing WG49, total FRNA phages and
total somatic and FDNA phages at
each station in Fox Mill Run sediment
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Figure 6

Regression of the logarithm of waterborne
FRNA phage densities on distance from the
sewage treatment plant in kilometers
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Figure 7

Regression of the logarithm of FRNA phage
densities on the logarithm of fecal coliform
densities in the water of Fox Mill Run
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Sampling
Date
Station
1
2
3
4
5
6
7
Sampling
Date
Station
1
2
3
4
5
6
7

6/13/89
ND
ND
7
680
290
370
0

Table 1.
FRNA Phage
per 100 ml Water
6/27/89
7/25/89
7/11/89
ND
ND
32
590
1280
990
0

9/12/89

9/25/89

0
0
0
36
1280
17600
0

0
42
127
5500
2280
36000
0

0
0
56
3730
3440
470
0

0
0
10
226
2740
2840
0

10/16/89

11/6/89

4
ND
13
121
4500
ND
ND

3
ND
45
123
56
ND
ND

FRNA Phage
per 100 g Dry Sediment
Sampling
Date
Stations
1
3
4
5

10/16/89
0
284
679
428

11/6/89
0
0
58
208

12/5/89
0
138
566
24591

ND= Not Done
FRNA= WG49-WG49 with RNAse, coliphage count

8/8/89
0
0
0
80
2455
25500
0

12/5/89
0
ND
225
184
40
ND
ND

8/22/89
0
0
116
860
620
265
0

Table 2.
Kruskal-Wallis Test
for intergroup differences
Waterborne Parameters

Date
1
2
3
4
5
6
7
8
9
10
11
* Gr

Log
FRNA
Phage
Z Value
0.60
0.59
0.25
-0.16
-0.54
-0.13
-0.77
1.28
0.06
-0.62
-0.56

D. 0.

Temp.

Turb.

Z Value
-0.13
-2.62*
-2.03*
-0.68
-2.60*
-0.03
-0.87
2.24*
1.42
2.80*
3.29*

Z Value
0.02
0.86
2.94*
1.48
1.40
0.79
1.66
-2.65*
-1.65
-2.67*
-3.31*

Z Value
2.18*
0.33
3.09*
0.73
0.56
-2.33*
3.51*
-1.18
-0.35
-0.30
1.32

than 1 standard deviation from fitted curve

Sal.
Value
1.13
1.15
0.91
0.87
1.59
1.75
0.85
0.19
0.54
0.43
0.59
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Table 3. Correlation coefficients of various parameters
vs. Log FRNA coliphage in the water
Date

Dissolved

Temperature, Turbidity,

Salinity,

Distance

Fecal

Oxygen,
ppm

° C

NTU

psu

from STP,
meters

Coliforms,
per 100ml

6/13/89

r— .048
p>. 50
n—4

r-. 284
p>. 50
n—4

r— .409
.20<P<.50
n—4

r— .983
.002<p<.005
n-4

r--.706
.10<p<.20
n—4

r = .044
p > .50
n-4

6/27/89

r— .363
p>. 50
n—4

r--.823
.05<p<.10
n—4

r-.786
.10<p<.20
n—4

r- - .992
p<.001
n—4

r— .825
.05<p<.10
n—4

r-.914
.02<p<.05
n-4

7/11/89

r— .311
.20<p<.50
n—6

r— .793
,10<P<.20
n—6

r— .537
.20<p<.50
n—6

r--.971
p<.001
n-6

r— .758
.02<p<.05
n— 6

r— .783
.02<p<.05
n—6

7/25/89

r— .239
p>. 50
n—6

r --.988
p<.001
n— 6

r— .566
.10<p<.20
n— 6

r— .941
.001<p<.002
n— 6

r— .946
,001<p<.002
n— 6

r-.919
.002<p<.005
n— 6

8/8/89

r— .615
.10<p<.20
n—6

r--.982
p<.001
n— 6

r - .7 5 3
.05<p<.10
n— 6

r— .908
.001<p<.002
n— 6

r— .984
p<.001
n—6

r-.837
.01<p<.02
n-6

8/22/89

r - .872
.01<p<.02
n—6

r— .931
.002<P<.005
n— 6

r— .604
.10<p<.20
n— 6

r— .936
.001<p<.002
n—6

r— .736
.05<p<.10
n—6

r— .070
p>. 50
n=6

9/12/89

r--.538
.20<p<.50
n-6

r— .916
.002<P<.005
n—6

r— .764
.02<p<.05
n— 6

r— .815
.02<p<.05
n—6

r - - .985
p<.001
n— 6

r = .815
.01<p<.02
n— 6

9/25/89

r = .678
.05<p<.10
n—6

r— .874
.01<p<.02
n—6

r— .962
p<.001
n— 6

r--.909
.002<p<.005
n— 6

r=.387
.20<p<.50
n— 6

10/16/89

r = .612
.20<p<.50
n—4

r— .855
.05<P<.10
n-4

r— .220
p > .50
n—4

r— .753
.10<p<.20
n—4

r = - .972
.005<p<.01
n—4

r=-.989
.001<p<.002
n—4

11/6/89

r-.453
.20<p<.50
n—4

r— .912
.02<P<.05
n—4

r = .995
.001<p<.002
n—4

r--.963
.005<p<.01
n—4

r— .757
.10<p<.20
n—4

r— .381
p > .50
n—4

12/5/89

r— .770
.10<p<.50
n—4

r - .952
.01<P<.02
n-4

r— .841
.05<p<.10
n=4

r— .890
.02<p<.05
n—4

r— .503
.20<p<.50
n—4

r— .574
.20<p<.50
n—4

All
Dates

r— .062
p>. 50
n=56

r--.191
.10<p<.20
n— 56

r— .213
.10<p<.20
n— 56

r— .830 ■
p<.001
n— 56

r - - .834
p<.001
n— 56

r = .509
p<.001
n— 56

r-.120
> p > .50
n—6

Note: r= Pearson correlation coefficient
p= probability that correlation is due to chance
n= the number of samples to which the correlation applies
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Table 4. Linear regression analysis of various parameters
vs. Log FRNA coliphage in the water
Date

Dissolved

Temperature,

Turbidity,

Salinity,

Distance

Fecal

Oxygen,
ppm

° C

NTU

psu

from S T P ,
meters

C o l iforms,
per 100ml

6/13/89

r-sq-22 .4
p = .527
n=4

r- s q = 8 .1
P-.716
n=4

r-s q = 1 6 .8
p— .591
n—4

r-sq— 96.6
p-,017
n—4

r-sq— 49.9
p-,294
n—4

r -s q— .2
p-,956
n—4

6/27/89

r- s q - 1 3 .2
p-,637
n=4

r-sq— 67.7
P-.177
n—4

r-sq— 61.8
p - . 214
n=4

r-sq— 98.4
p-,008
n—4

r-sq— 68.1
p-,175
n—4

r-sq— 83.5
P-.086
n —4

7/11/89

r-sq— 9.7
p— .548
n— 6

r-sq— 62.8
P-.060
n— 6

r-sq— 28.8
p — .272
n— 6

r-sq— 94.4
p-.OOl
n— 6

r-sq— 57.4
P-.081
n— 6

r-sq— 61.4
p-,065
n-6

7/25/89

r-sq— 5.7
p = .648
n-6

r-sq— 97.6
p-.OOO
n=6

r- s q - 3 2 .1
P-.241
n— 6

r-sq— 88.6
p— .005
n-6

r - s q - 8 9 .5
p = .004
n— 6

r- s q - 8 4 .4
p-,007
n— 6

8/8/89

r-sq— 37.8
P-.194
n— 6

r-sq— 96.4
p-.OOO
n-6

r-sq— 56.7
p-,084
n-6

r-sq— 82.4
P-.012
n-6

r-sq— 96.8
p-.OOO
n— 6

r-s q - 7 0 .1
p-,038
n-6

8/22/89

r- s q = 7 6 .0
p-,024
n-6

r-sq— 8 6 .7
P-.007
n— 6

r-sq— 36.5
p — .204
n— 6

r- sq-87,7
p-,006
n— 6

r-sq— 54.2
p-,095
n— 6

r-sq— 0.5
p-,895
n— 6

9/12/89

r - sq-28.9
p = .271
n=6

r- sq-83.9
p-,010
n=6

r-sq— 58.3
P-.077
n=6

r- sq-66.4
P-.048
n-6

r-sq— 97.0
p-.OOO
n— 6

r - s q = 6 6 .4
p-,048
n— 6

9/25/89

r-sq—46.0
p = .139
n=6

r- sq=76.4
P-.023
n=6

r-sq— 1.4
P-.822
n-6

r-sq— 92.5
p-.002
n— 6

r-sq— 82.7
p-,012
n— 6

r - s q - 1 5 .0
p— .449
n-6

10/16/89

r - sq=37.5
p = .388
n=4

r- sq=73.1
P-.145
n—4

r - s q = 4 .8
P-.780
n—4

r-sq— 56.8
p-,247
n—4

r-sq— 94.5
p-,028
n—4

r-sq— 97.9
p-.Oll
n— 4

r-sq=20.5

r -sq— 8 3 .2
P-.088

r-s q = 9 9 .0

p=.547

p-,005

r-sq— 9 2 .7
P-.037

r-sq— 57 .3
P-.243

r-sq— 14 .5
P-.619

n-4

n—4

n—4

n-4

n—4

n— 4

12/5/89

r-sq=59.2
p— .230
n=4

r-sq— 90.5
p=.048
n=4

r-sq=70.7
p=.159
n—4

All
Dates

r-sq—0.4
P-.651
n-56

r-s q = 3 .6
P-.159
n=56

r-sq—4.5
p - . 116
n— 56

11/6/89

Note:

r-sq=79.2
p=.110
n-4
r- sq=69.0
p-.OOO
n— 56

r-sq=25.3
p=.497
n=4

r-sq=33.0
p— .426
n=4

r-sq— 69.6
p-.OOO
n— 56

r-s q = 2 5 .9
p-.OOO
n — 56

r-sq= percentage of the y-value attributable to its regression with x
p= probability that regression is due to chance
n= the number of samples to which the regression applies
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Table 5
Date

Correlation coefficients of various parameters
vs. Log FRNA coliphage in the sediment
Dissolved
Temperature Turbidity,
Distance
Salinity,

Oxygen,
ppm

° ~

NTTJ

psu

from STP,
meters

Fecal
Coliforms,
per 100ml

10/16/89

r— .954
.01<p<.02
n—4

11/6/89

r— .840
.10<p<.20
n—4

r— .899
.02<p<.05
n—4

r— .725
.10<p<.20
n—4

r— .717
.10<p<.20
n—4

r— .974
p-.005
n—4

r = .775
.10<p<.20
n—4

12/5/89

r— .033
p > .50
n—4

r— .852
.05<p<.10
n—4

r - .857
.05<p<.10
n—4

r--.686
.20<p<.50
n—4

r— .947
.01<p<.02
n—4

r— .645
.20<p<.50
n-4

All
Dates

r = .192
p>. 50
n-12

r— .242
p-,50
n-12

r-.692
.02<p<.05
n-12

r--.802
.005<p<.02
n-12

r--.811
.005<p<.002
n-12

r— .6 6 5
.02<p<.05
n-12

r— .919
.02<p<.05
n—4

r— .5 77
.20<p<.50
n—4

r— .762
r— .975
.002<p<.005 .10<p<.20
n«=4
n—4

Note: r= Pearson correlation coefficient
p— probability that correlation is due to chance
n— the number of samples to which the correlation applies

r = .964
.005<p<.01
n—4
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Table 6. Linear regression analysis of various parameters
v s . Log FRNA coliphage in the sediment
Distance
Dissolved
Salinity,
Temperature, Turbidity,

Fecal

Oxygen,
ppm

° C

NTU

psu

from ST P ,
meters

Coliforms
per 100ml

10/16/89

r-sq=91.0
p— .046
n=*4

r-sq=84.5
p = .081
n—4

r-sq=33.3
P-.423
n—4

r-sq=98.2
p-,009
n—4

r-sq— 58.1
p-,238
n—4

r -sq— 92.9
P-.036
n—4

11/6/89

r-sq-70.5
p-,160
n—4

r-sq=80.8
p-,101
n—4

r-sq— 52.6
P-.275
n—4

r-sq— 66.5
p— .184
n—4

r-sq— 94.9
p— .026
n—4

r-sq— 60.0
P-.225
n—4

12/5/89

r-sq—0.1
p— .967
n—4

r-sq— 73.5
p-.148
n—4

r-sq— 73.5
p— .143
n—4

r-sq-83.4
p-,087
n—4

r-sq— 89.7
p-,053
n—4

r-sq=41.6
p— .355
n—4

All
Dates

r-sq-3.7
p— .550
n-12

r-sq-5.8
p-,449
n-12

r-sq=47.9
P-.013
n-12

r-sq—64.2
p— .002
n-12

r-sq—65.8
p-,001
n-12

>r-sq—44.2
P-.018
n-12

Date

Note: r-sq=* percentage of the y-value attribtable to its regression with x
p= probability that regression is due to chance
n=* the number of samples to which the regression applies
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DISCUSSION

Results of this study demonstrated the potential and limitations of
male-specific coliphages as indicators of water quality in an estuarine
environment.

Previous work with bacteriophage plaquing on the S .

tvnhimurium host strain was limited to their occurrence in sewage
effluent, wastewater or feces (Havelaar and Hogeboom, 1984; Havelaar et
a l ., 1986). The present study showed the method developed by Havelaar
and Hogeboom (1984) would have to be modified for use in estuarine
waters of the lower Chesapeake Bay.
The occurrence and densities of FRNA bacteriophage recovered from
both water and sediment demonstrated a significant relationship to
distance downstream from the sewage treatment plant on every sampling
occasion.

Although bacteriophages were found at the control site

upstream of the STP outfall, these were never of the FRNA type.

Large

numbers of FRNA phages were consistently recovered at the stations just
below the STP outfall and FRNA phage numbers decreased significantly
with increasing salinity and distance from the STP.

Other factors,

such as dissolved oxygen, temperature or turbidity, which were less
directly linked to the presence of the sewage treatment plant, were not
significantly related to FRNA phage counts in the water.

Fecal

coliform densities were significantly correlated to FRNA phage, but
correlation coefficients were lower than for distance or salinity.
The comparatively poor correlation of FRNA phage with fecal
coliforms is reflected in other studies.

LaBelle et al. (1980) found a

significant correlation between viruses in the sediment and fecal
coliforms in the sediment, but no correlation between measures of these
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two factors in water.

They concluded that densities of indicator

bacteria were not reflective of the concentration of enteric viruses in
water.

Goyal et al. (1979) reported a correlation between total

coliforms in water and enteric viruses in water, but no statistical
relationship was demonstrated between enteric viruses in oysters and
bacteria or physiochemical parameters.

They concluded that current

bacterial indicators and standards did not predict the viral occurrence
in shellfish.

In the present study, a significant regression was found

between numbers of FRNA phage and fecal coliform bacteria at P— .000,
but the r-square value was only 25.9%.

In contrast, r-square values

from the regression of FRNA phages against salinity and STP distance
were 69% and 69.6%.

Regression and correlation analyses were performed

for each sample date as a means of exploring data fit in a temporal
sense.

These data sets are not intended to express a predictive

relationship, but simply to compare the degree of association between
variables.
The relationship between waterborne FRNA phage and STP distance was
the strongest association observed in this study.

This suggests that

the number of phage at a given location was due largely to dilution
effects.

Drury and Wheeler (1982) evaluated a bacteriophage of

Serratia marcescens as a potential tracer of river flow and compared it
to lithium chloride and spores of Bacillus subtilis in demonstrating
flow characteristics.

They found that bacteriophage accurately

reflected transit time of river water between two points under varying
flow conditions.

Phage densities were directly proportional to counts

of B^_ sub til is spores, the latter considered an undisputed conservative
tracer.
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Correlation and linear regression analyses of FRNA phage counts and
salinity gave values nearly identical to those for phage and STP
distance.

Despite this similarity, these equations may have limited

usefulness for predicting FRNA phage numbers in other localities.

The

salinity range in Fox Mill Run was large enough to establish a
significant relationship between these variables, but the bulk of FRNA
phage data was dominated by salinities at the upper and lower extremes
of the range. The small number of analyses at intermediate salinity
values and the variability in salinities associated with dilution and
tidal effects weaken this relationship.
An attempt was made to estimate the volume of water in Fox Mill Run
and dilution of a measured headwater flow rate into this volume to
predict phage densities at given locations.

Aerial photographs of the

stream were taken and used along with field measurements to estimate
stream volume. Extensive tidal marshland along both sides of the
watershed made an accurate estimate of stream volume very difficult and
the contribution of these wetlands was not included in calculating
volume.

Correlation and regression analyses of volume and FRNA phages

were performed, but a poorer fit (r=0.635, PcO.OOl; r^=40.4%, P=0.000)
was obtained than for STP distance or salinity.

This could have been

due to ignoring the volume in the marshland, but obtaining accurate
measurements of this variable was beyond the scope of this study.

It

should also be noted that the flow rate estimate was based on
measurements taken at a separate time from the water samples and so is
not necessarily an accurate reflection of streamflow during sampling.
Sediment samples were taken in part to evaluate the role of
sediment as a sink and as a possible source of phage to the water
column. Correlation and linear regression analyses of phage numbers in
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water compared to those in sediment did not show significant
relationships (r=0.325, 0.50>P>0.20; r-^ 10.5%, P=0.303).

This lack of

a significant relationship may be due to differential survival of
viruses in sediment compared to those in water.

That viruses survive

for an extended period of time in sediment compared to those in water
is well known (DeFlora et a l ., 1975; Smith et a l ., 1978; LaBelle and
Gerba, 1982; Goyal et a l ., 1984) and thus it is likely that sediment
acts as a sink for bacteriophage.

Phage adsorption to particulates and

subsequent sedimentation at the turbidity maximum could also explain
the lack of correlation between sediment and water phage densities.
Another characteristic of a fecal indicator is that it lends itself
to easy and rapid isolation, identification and enumeration (Bonde,
1977).

The Salmonella tvphimurium WG49 strain was developed by

Havelaar and Hogeboom (1984) in an attempt to create a host that would
detect only male-specific and not somatic coliphages. When this strain
is used for detection of phages in wastewater and sewage it apparently
performs this task quite well (Havelaar and Hogeboom, 1984; Havelaar et
a l ., 1986).

However, this specificity was not demonstrated during the

course of this work.

During this study, relative numbers of somatic

salmonella and FDNA coliphages present in a sample were determined by
simultaneous plating on S. tvphimurium host strain WG49 with RNase
added because the scarcity of these phages in some waters was not
necessarily a foregone conclusion (Rhodes and Kator, 1990).

Initial

sampling of Fox Mill Run showed the ratio of FRNA to somatic phages
varied dramatically with station location along the stream (Fig. 4).
This observation effectively limits the usefulness of this method for
viral assays in estuarine waters based on practical considerations.
Thus, instead of performing only spot checks to confirm the presence of
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FRNA phage, each sample must be subjected to time consuming and
expensive confirmation procedures.
The need to confirm phage type leaves the investigator with two
principal procedural alternatives.

The first involves duplicate

plating of all samples with and without RNase; the second requires
subculturing a representative number of plaques from each sample.

The

first alternative can be accomplished more quickly in terms of time
needed for growth of host and plaque enumeration, but greatly increases
costs for media and supplies (RNase costs $91.10/g, Sigma Type I-AS;
0.004g/100ml sample required).

The second method is less demanding in

terms of supply costs, but requires an extra day for processing and
places greater time demands on the laboratory staff.

Another

disadvantage of the subculturing method is that it gives a numerically
adjusted estimate rather than an direct count of phage numbers.

Either

of these options is considerably more labor intensive and costly than
would be the case with a properly selective host bacterium.
S.. tvphimurium WG49 proved itself to be a relatively difficult
bacterial strain to culture on a regular basis.

Although the strain

was periodically resuscitated and refrozen in glycerol, its behavior
was not consistent.

Lag time prior to logarithmic growth was generally

greater than for WG45 and more variable.

This difficulty would

probably be no more than a nuisance if the bacterial strain was a
properly selective host, but in this situation it becomes another
reason to reject a method whose basic premise is already compromised.
The identified obstacles to the use of the Havelaar and Hogeboom
(1984) assay strain do not imply the rejection of F-specific phages as
fecal or sewage indicators.

Other bacterial host strains for F-

specific phages have been proposed and some initial work on their use

has been done (Poppell, 1979, unpublished thesis; Debartolomeis, 1988,
unpublished dissertation; Cabelli, 1989b).

Debartolomeis (1988) used

the Famp strain of E. coli for his work in Rhode Island after modifying
the strain to render it resistant to T2 and T4 somatic phages.

His

assay of chlorinated and unchlorinated sewage effluent and septic tank
samples yielded greater than 90% F specific phages in all types of
samples tested.

Recovery of phage from seeded river and seawater

samples was also performed and greater efficiency of recovery from
seawater was noted.

Direct enumeration of phages from estuarine waters

was performed as well in the Rhode Island studies (Cabelli, 1989a), but
confirmation by phage typing was not carried out (Cabelli, 1990;
personal communication).

Lack of phage type information leaves open

the question of whether the Famp strain, like WG49, is susceptible to
interference from non F specific phages when used in natural
watersheds.

Famp and WG49 are designed to ennumerate all F specific

phages and thus are susceptible to FDNA as well as FRNA phage.

Poppell

(1979) assayed sewage and human fecal samples for FRNA coliphages using
E. coli K-13 as a bacterial host, but did not sample watersheds.
FRNA phages were proposed as an indicator of sewage, rather than
feces, because their numbers are significantly higher in the former
environment (Havelaar et a l ., 1984; 1986).

FRNA phage numbers are

uniformly high in sewage, but densities in human feces are lower and
more variable (Havelaar et al., 1984; 1986).

Since feces are the only

known source of this type coliphage, it is proposed that replication in
the sewage system occurs (Havelaar et a l ., 1986; Havelaar and PotHogeboom, 1989) through phage adsorption to F pili preformed on cells
above 30° C (Havelaaar, 1988; Havelaar and Pot-Hogeboom, 1988).
Assuming preformed pili are the sole means of phage replication outside
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the gastrointestinal tract, the amount of replication possible by this
mechanism should be of limited duration and scope.

Furthermore, the

high temperatures necessary for pilus production (30° C ) , assembly and
extrusion, probably limit multiplication of FRNA phages to environments
with direct fecal input (Havelaar and Pot-Hogeboom, 1988).

Because

FRNA phage have also been found in feces from domestic and zoo
animals, especially those in the bioindustry (Osawa et al., 1981;
Havelaar et al., 1986), the potential for FRNA phages from other
sources than sewage must be considered.

Indirect evidence for a

linkage between sewage input and FRNA phage also comes from assays
conducted by this laboratory on an estuarine stream receiving non-point
pollution of a fecal nature.

Although this stream was subject to

potential fecal pollution by domestic livestock and often contained
high titers of fecal coliform bacteria, virtually no FRNA phage were
recovered from water or sediment samples collected over the past two
years (Rhodes, personal communication).

Serotyping of FRNA phages

suggests it may be possible to differentiate between human and animal
sources of phages (Furuse et a l ., 1981; Owawa et a l ., 1981; Havelaar et
al., 1986).
Despite the potentials for phage input from warm-blooded animals
other than man and phage replication in sewage systems, their
specificity to the gastrointestinal tract, hardiness and physical
resemblance to hepatitis A and Norwalk viruses make them attractive
candidates as viral indicators (Kott et al., 1974; Ayres, 1977;
Gersberg et a l ., 1987; Havelaar, 1987).

The coliform bacteria are

perhaps even less specific, yet their use as bacterial indicators of
water quality has significantly reduced the incidence of waterborne
disease due to bacterial pathogens.

Use of viruses as an adjunct to
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the existing coliform standards has been proposed (Berg, 1978), and
FRNA phages are promising candidates for this role.
Development of a host strain specific for these bacteriophages
under natural watershed conditions could lead to the first true
indicator of enteric virus presence in water.

Field work with another

male-specific host strain or modification of WG49 to increase its
resistance to non-FRNA phages is necessary to achieve this
breakthrough.

Studies designed to estimate incidence of viral illness

relative to observed phage numbers could then be performed to determine
the validity of this proposed indicator.
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CONCLUSIONS

FRNA coliphages were found in significant numbers in Fox Mill Run,
a tidal stream impacted by a chlorinated secondary sewage treatment
plant.

The density of FRNA coliphages in this estuary water decreased

in direct proportion to distance from the sewage treatment plant.
Densities of FRNA phages were more closely linked to distance from the
sewage treatment plant than to any other measured variable.

Salinity

and fecal coliform densities also produced significant correlations
with FRNA phage densities, but these relationships would be of little
predictive value for reasons discussed.

The phage assay system used

was not properly selective for FRNA coliphages when used in this
environment because interference by non-FRNA phages could lead to
erroneous phage densities.

Subculturing or the incorporation of RNAse

in the media could be employed to eliminate this interference.
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